The units that have evolved to measure ionizing radiation are the result of its many facets. Radiation units (Table I ) may characterize the: 1) energy, 2) radioactive decay rate, 3) effect in air, 4) ability to be absorbed by matter, or 5) biologic effect. Units may be modified by prefixes such as milli (indicating thousandths of the base unit), micro (millionths), pico (billionths), kilo (a thousand times), or mega (a million times).
The units used most commonly in this article are rad (radiation absorbed dose) and rem (roentgen equivalent in man or mammal). The rad describes the dose of radiation in terms of the amount of energy absorbed by a given mass, for example, of water or tissue. The absorption of 100 ergs of ionization energy in I gram of water has a value of I rad.
Use of the rem takes into account the biologic effectiveness of the various types of radiation. The rem is numerically equal to the rad multiplied by a Radiation Weighting Factor (formerly "quality factor"). The Radiation Weighting Factor (RWF) reflects differences in the amount of each type of radiation necessary to produce the same biologic effect. For beta, gamma, and X radiation, RWF is 1.0, making their effect on tissue equivalent. The RWF for alpha particles is 20, indicating its biologic effect is 20 times greater than the effect of beta, gamma, or X radiation.
A new System Internationale (SI) nomenclature has been adopted, which is used by international, as well as many domestic, professional organizations and journals (Table 2) .
EXPOSURE PATHWAYS
Humans receive an average radiation dose of 300 to 450 mrems per year from both natural (about 82%) and man made (about 18%) sources. Natural radiation background ( Figure 2 ) is from terrestrial sources and from high energy particles emanating from stars (including our sun) and other bodies in outer space. Cosmic radiation consists mostly of protons (about 90%), with the remainder being alpha particles, neutrons, and electrons; only about III ,000 of cosmic radiation penetrates to the earth's surface.
Near sea level, cosmic radiation results in an average dose of ionizing radiation to U.S. residents of about 30 (1991) . Analysis of radiation detected from exposed process elements from the krypton-85 fine leak testing system. Semiconductor Safety Association Journal, 5(2), 48-60. Amount of X and gamma radiation that causes ionization in air. One roentgen of exposure will produce about 2 billion ion pairs per cubic centimeter of air.
Units of Radiation Measurement
Dose resulting from one roentgen of ionizing radiation deposited in any medium, typically water or tissue. One rad results in the absorption of 100 ergs of ionizing radiation per gram of medium .
Dose of any form of ionizing radiation that produces the same biological effect as 1 roentgen ; 1 rem =1 rad x Radiation Weighting Factor (RWF), where the value of RWF depends on the type of radiation as follows:
X radiation = 1.0 gamma radiation = 1.0 beta =1.0 alpha = 20 neutrons = 5 to 20, depend ing on their energy mremlyear. At higher elevations, such as in the Rocky Mountain s, where there is less atmosphere to act as a shield, exposures due to cosmic radiation increase by a factor of about two. An even greater increase is experienced during high altitude air travel. However, passengers of commercial flights are airborne at high altitude s for only a few hours at a time and do not receive significant exposures from this source. Terrestrial radiation comes from radioactive elements (radionuclides) that were present at the time the earth was formed and that continue to decay, forming additional radionuclides in the process. Unusual radon-222 increases the risk of lung cancer, especially in smokers. Residents of homes built on abandoned uranium mine and mill tailings or near uranium mines, such as in the Southwest United States (e.g., Mesa County, CO) or in areas in Czechoslovakia, have increased internal radiation exposure due to inhalation of radon, as well as increased external radiation exposure due to uranium in the soil.
Construction materials such as wood, granite, and brick bring terrestrial radioactive sources into closer proximity. The dose rate that is attributable to the naturally occurring radionuclides in wood frame buildings is typically less than 10 mrern/year; occupants of masonry structures receive a dose rate of about 13 rnremlyear. The dose rate varies not only with the material, but also with ventilation, room size, room location within the structure, season of the year, and other factors.
Potassium is essential to health, and one of its isotopes, potassium-40, is radioactive. Potassium-40 makes its way into the body through foods (e.g., bananas) and through inhaled fossil fuel combustion products (e.g., fly-ash particulates). Because potassium deposits in muscle tissue, potassium-40 is widely distributed throughout the body. Individuals receive an annual internal dose to all organs of approximately 18 mrem from this radionuclide.
Radiation background from man made sources includes fallout from aboveground atomic weapon detonations (about 1 rnremlyear for U.S. inhabitants), nuclear fuel production and nuclear reactors (less than 1 rnremlyear), medical devices (about 50 rnrem/year), and various consumer products. Although the United States and the former USSR have stopped aboveground atomic detonations, the dose rate from atomic weapons testing will continue into the next century because of the long lived isotopes formed during previous tests and the continued aboveground testing carried out by China and France. As of 1990, 113 nuclear power plants were operating in the United States. In addition, 75 nuclear reactors were being used for training and research, while about 70 reactors were operating at U.S. Department of Energy (DOE) facilities, and at least 100 were used to power military submarines, cruisers, and aircraft carriers. Supporting these reactors are mines, mills, processing plants, and storage sites for spent fuel, all of which are potential sources of radiation exposure. The current deposits of radioactive waste generated by production and use of atomic weapons and nuclear power reactors will remain a potential exposure hazard for 10,000 years or more.
Radiation exposure incurred for medical reasons can contribute the greatest dose from artificial sources. Worldwide, more than 1 billion medical diagnostic X-ray examinations, more than 300 million dental X-ray examinations, and about 4 million radiation therapy procedures or courses of treatment are performed annually. In the United States, over half of the population is exposed to X radiation each year, and more than half of these are diagnostic procedures, including dental diagnosis. The rest experience X radiation during fluoroscopy, radiation therapy (Table 3) , and nuclear medicine (Table 4) .
In contrast to environmental exposures, medical procedures usually restrict radiation to local areas. However, during the course of exposing only a small fraction of the body, relatively large doses may be delivered to the bone marrow, which, in comparison to other parts of the body, is very sensitive to radiation. Although the risks due to radiation exposure are small for clients undergoing medical treatments, the cumulative risk to health care and dental APRIL 1997, VOL. 45, NO.4 personnel who are present is greater. In addition, staff who are not properly protected may receive whole body, rather than localized, exposures. Procedures that can be used to protect health care personnel include limiting the time of exposure, maintaining an adequate distance between the Xray beam and personnel, and providing adequate shielding.
A number of natural and artificially produced radioactive materials are used in consumer products. Of these, tobacco products probably represent the single, greatest radiation hazard to smokers. Tobacco smoke contains polonium-2l0 and lead-21O, alpha-emitting radon decay products. These radionuclides may be deposited and retained on the large, sticky leaves of tobacco plants or may derive from the uranium naturally present in the phosphate fertilizers used on the plants. When the tobacco in a cigarette is lit, the radioactive materials are volatilized and enter the lungs. The bronchial lining of the lungs of a person who smokes 1.5 packs of cigarettes per day may receive as much as 16,000 mremlyear ( Table 5 ). The radiation from tobacco smoke may contribute to the carcinogenicity associated with active and passive cigarette smoking.
Although radiation values for dental porcelain and eyeglasses (Table 5 ) are large, these sources are not a health hazard because the radiation they produce is distributed over a few millionths of an inch in comparatively insensitive tissues. The total contribution of dental porcelain and eyeglasses as an equivalent whole body dose is less than 5 mremlyear.
WHO'S AT RISK
Important data about human effects from exposure to ionizing radiation come from survivors of the atomic bomb detonations in Hiroshima and Nagasaki. Additional evidence comes from inhabitants of the Marshall Islands who experienced fallout from thermonuclear testing on Bikini Atoll, radium dial painters, pioneer radiologists, and clients receiving radiation therapy (e.g., clients who were irradiated in the 1950s as treatment for ankylosing spondylitis). Effects of high level exposure include acute radiation sickness and fatalities. The major long term health risks of ionizing radiation are cancer, birth abnormalities (from in utero irradiation), infertility, and genetic abnormalities, which are discussed in Physiologic Effects. Risk of radiation induced cancer in human populations is difficult to calculate for four reasons: 1) the total number of known radiation induced cases is too small and the doses too high to allow accurate extrapolation to low doses; 2) cancer from other cause s is a prevalent disease (the incidence of cancer morbidity in the U.S. population is 30% to 35%), making incremental incidence s due to radiation exposure difficult to detect; 3) radiation induced cancer cannot be distinguished from cancer due to other causes (although investigators using new molecular biology technique s are attempting to make this distinction possible); and 4) the interval between radiation exposure and cancer appearance may be several decades.
Exposure to low level ionizing radiation occurs mostly in the workplace. Workers at risk are those involved in the following activities: operating nuclear power plants, other nucle ar industrial facilitie s, or nuclear powered naval vessels; purifying, enriching, and fabricating uranium for nuclear reactor fuel and for weapons production and use; and working at radionuelide storage sites. In addition, medical technicians; researchers; uranium miners and other underground miners, cave guides, and spelunkers exposed to radon; industrial radiographers; and geologists using radiolog ic devices to measure pressure in wells are at risk of radiation exposure.
Criticality accidents (due to uncontrolled nuclear fission) have occurred at Los Alamos, NM, in 1958; Oak Ridge, TN, in 1958; Hanford Works, Richland, WA, in 1962; and Wood River Junction, RI, in 1964 . In addition, two early experiments (in 1945 and 1946 at the Los Alamos site resulted in uncontrolled nuclear fission. These accident s caused three early fatalities of workers closest to the nuclear reaction s; the 22 other workers in the vicinity of the accidents were irradiated at doses less than 465 rem, and all survived for at least 5 years. The radiation from these accidents would have affected a larger area and a greater number of people if conditions during critic ality had also resulted in the explosive relea se of large amounts of energy, which they did not.
The general public can be exposed to radiation through industrial or mining waste streams that contaminate air and drinking water. Releases of iodine-131 to air and water occurred at nuclear power plants in Hanford, WA, during the period from 1943 to the 1960s and at Three Mile Island in 1978. The release of radioactivity at the Three Mile Island nuclear power plant resulted in an average radiation dose to the surrounding population of about 8 mrem over a radius of 10 miles and about 2 mrem over a radius of 50 miles from the reactor. These tDue to the uranium present in glazed dental porcelain. tApplies to eyeglasses tinted with uranium or thorium.
Adapted from: National Council on Radiation Protection and Measurements (NCRP). (1988) . Radiation exposure of the U.S. population from consumer products and miscellaneous sources. Bethesda, MD: NCRP. NCRP Report No. 95. doses are conservatively expected to cause an additional 0.7 cancer deaths in the population living within the affected 50 mile radius. (By contrast, the number of cancer deaths estimated to occur from all other causes during the lifetime of this population of 2 million persons is about 390,000.)
Accidental releases of radioactive materials may also occur during transport of radionuclides or at sites storing them. Currently, low level radioactive waste can be accepted at two commercial storage sites: Barnwell, SC, and Hanford, WA. The storage site at Beatty, NY, no longer accepts shipments of radioactive waste. No repository has yet been designated as a permanent storage site for high level radioactive waste such as spent fuel from nuclear reactors.
BIOLOGIC FATE
Exposure to ionizing radiation can result from internal sources (i.e., radionuclides deposited within the body), external contamination (i.e., radionuclides deposited on the body surface), and irradiation by an external source. Internally deposited radio nuclides frequently produce nonuniform radiation to proximate organs and tissues, depending on the radionuclide's distribution and metabolic characteristics. In many respects, internal contamination can be viewed as chronic exposure.
Radioactive substances can enter the body via inhalation, ingestion, skin absorption, or through a contaminated wound. Inhalation is the most common route of internal contamination. Depending on particle size, aerosols may penetrate beyond the self cleansing mucocilliary system of the central airways. For insoluble aerosols, such as oxides of plutonium and other transuranic elements (elements having an atomic number greater than uranium), the biologic fate usually APRIL 1997, VOL. 45, NO.4 includes transfer of the radionuclide by macrophages to regional lymph nodes and partial solubilization, with entry into the circulatory system. Heavy nuclides remain in the liver and bone for prolonged periods, typically years.
Hundreds of radioactive nuclides exist, but only a few are extensively used or produced and have the potential to cause significant internal contamination. The radionuclides in the environment of greatest potential concern are cesium-137, iodine-13l, plutonium-239, radon-222, strontium-90, tritium, and uranium-238.
PHYSIOLOGIC EFFECTS
The immediate effect of exposure to high level ionizing radiation is cytotoxicity, which results in changes in cellular function or direct cell death. Changes in cellular function may include delays in certain phases of the mitotic cycle (mitotic inhibition), disrupted cell growth, permeability changes, and changes in motility.
A suggested mechanism for radiation cytotoxicity involves the formation of ions, which interact with water and create inhibitory toxic chemicals (e.g., hydrogen peroxide) and free radicals that destroy the integrity of proteins, DNA, or other cellular constituents. The body's response to ionizing radiation depends on several factors, including the type and quality of radiation, dose, dose rate, and homogeneity of dose. If a cell receives a sublethal dose of radiation, cellular repair processes may be activated. Repair mechanisms are most likely responsible for the ability of the body to tolerate a higher total dose when exposure occurs over an extended period of time (i.e., at a low dose rate).
Cytotoxicity from radiation varies among cell types and tissues. In general, rapidly dividing cells that are poorly differentiated are most radiosensitive. For example, lymphocytes, primitive stem cells of the bone mar-row, mucosal crypt cells of the gastrointestinal tract, spermatogonia, and granulosa cells of the ovary are particularly affected by radiation. Endothelial cells of the microcirculation and epithelial cells of many organs have an intermediate sensitivity. Muscle cells, neurons, erythrocytes, and polymorphonuclear granulocytes are relatively resistant to radiation. In most cases, maximum organ damage becomes evident as injured progenitor cells fail to replace the lost mature cells.
Cancer
The largest body of evidence in support of the ability of ionizing radiation to produce cancer derives from studies of the survivors of the atomic detonations during World War II. The increased rates of various cancers in those persons are consistent with the increased rates for comparable cancers in other irradiated populations. A radiation dose of 100 rem causes about a 5% increase in the risk for developing a fatal cancer. Risk of some cancers (e.g., female breast cancer and multiple myeloma) more than doubles with exposure doses greater than 100 rem. A reasonable estimate of additional cancer mortality risk from a one time, whole body dose of 1 rem is 1 to 5 fatal cancers in 10,000 persons so exposed (0.01% to 0.05%). This risk is in addition to the cancer mortality risk in the general U.S. population of about 1,950 fatal cases in 10,000 persons (19.5%).
The first radiation induced malignancy to appear in the atomic bomb survivors was leukemia. The latent period between radiation exposure and clinical recognition of leukemia ranged from 2 to 15 years. The risk to the survivors of developing this disease varies with the type of leukemia and the age at the time of exposure. For example, the incidence of chronic lymphocytic leukemia (CLL) is not measurably affected by the radiation level or dose, whereas the incidence of all other types of leukemia has been reported to increase with dose, and the risk is greater to those who were exposed at a younger age.
In the Japanese survivors, increased incidences for solid cancers appeared considerably later than the excess of leukemia. Carcinoma of the thyroid was the first of the solid tumors noted. An increased incidence of multiple myeloma and cancers at the following sites was also found: breast (female), lung, stomach, esophagus, small intestine, colon and rectum, brain and nervous system, ovary, uterus, urinary tract, and salivary glands. In populations irradiated occupationally or primarily for health care reasons, an increased incidence of cancers at these sites has also been reported, as well as at other specific sites including liver (due to internally deposited radionuclides), skeleton, and skin. Current medical reagents and procedures in nuclear medicine are designed to minimize residual radionuclides in the body and adverse side effects.
As with leukemia, the risks for solid tumors in the Japanese survivors are greater in persons who were younger at the time of exposure. The latency period for solid tumors due to radiation exposure is generally one or more decades. Interestingly, an increase in pancreatic cancer, the fourth leading type of fatal cancer in the Unit-ed States, was not observed in atomic bomb survivors and has been observed inconsistently in other irradiated human populations (i.e., no clear relationship to dose or time after exposure could be identified).
Developmental Effects
Exposure of pregnant women to ionizing radiation has been studied in several populations, including survivors of the atomic bomb detonations in Japan. Preimplantation radiation exposure (i.e., within 2 weeks after conception) has not been found to produce anomalies in the fetus. If preimplantation damage occurs, it is likely that spontaneous abortion ensues. In women exposed during pregnancy, increased incidences of miscarriages, stillbirths, and neonatal deaths have been reported. Children exposed in utero have shown an excess of congenital defects.
In children born to survivors of the atomic bomb detonations, a pronounced association exists between gestational age at the time of exposure and the risk of neurodevelopmental effects. Exposure occurring during the first 7 weeks of gestation did not result in increased risks for mental retardation, reduced IQ, or seizure disorders. Exposures greater than 50 rad during gestational weeks 8 to 15, when nerve development and migration are greatest, showed linear dose-effect relationships for each of the above three endpoints and for microcephaly. This gestational period (i.e., 8 to 15 weeks) is recognized as the most sensitive for the development of fetal neurologic effects. A no-effect threshold for adverse neuro-developmental effects during this gestational period could not be determined.
Exposures that occurred during 16 to 25 weeks of pregnancy also resulted in an increased risk of adverse neurodevelopmental effects, but to a lesser degree than during the period of peak sensitivity. Irradiation during the 16th to 25th week did not produce a linear relationship between dose and effect. In fact, a threshold for mental retardation appeared to exist. After 25 weeks of gestation, radiation exposures generally cause stunting of growth in the fetus, resulting in a newborn who has reduced physical size but remains normal in other ways.
Genetic Effects
In nonhuman forms of life, the developmental and genetic effects of ionizing radiation are well documented. Radiation exposure in these life forms results in congenital abnormalities and mutations transmitted to immediate and remote offspring. In experimental animals, the frequency of genetic effects due to radiation exposure generally increases as a linear nonthreshold function of dose.
An epidemiologic study in Japan compared 38,000 children conceived after one or both parents were exposed to radiation from atomic detonations with 37,000 children whose parents were not exposed. No statistically significant differences were found in stillbirths, birth weight, infant mortality, or gender ratio. Among children of the exposed parents, there was also no effect seen on electrophoretic variants of 28 proteins of blood plasma and erythrocytes. These results may be due to relevant factors 
Acute Effects
No detectable clinical effects; small increase in risk of delayed cancer and genetic effects Temporary reductions in lymphocytes and neutrophils; sickness not common; long term effects possible Minimal symptoms; nausea/vomiting/diarrhea/fatigue in a few hours; reduction in lymphocytes and neutrophils, with delayed recovery; possible bone growth retardation in children Nausea and vomiting on first day; following latent period of up to 2 weeks, symptoms (loss of appetite and general malaise) appear, but are not severe; hematopoietic subsyndrome; recovery likely in about 3 months unless complicated by previous poor health Nausea, vomiting, and diarrhea in first few hours, followed by latent period as long as 1 week with no definite symptoms; loss of appetite, general malaise, and fever during second week, followed by hemorrhage, purpura, inflammation of mouth and throat, diarrhea, and intestine destruction in third week; some deaths in 2-6 weeks; possible eventual death to 50% of those exposed Vomiting in 100% of victims within first few hours; diarrhea, hemorrhage, and fever toward end of first week; rapid emaciation; almost certain death Vomiting within 5-30 minutes; 100% incidence of death within 2-4 days Vomiting immediately; 100% incidence of death within a few hours to 2 days In men yields temporary sterility In women yields permanent sterility 'rem = rad equivalent in man or mammal Adapted from: Goldman M. (1982) . Ionizing radiation and its risks. In: Occupational disease-new vistas for medicine. Western Journal of Medicine, 137, [540] [541] [542] [543] [544] [545] [546] [547] not controlled in the study. Although this study was negative, it does not prove that humans are exempt from radiation induced genetic effects.
The dose needed to double the mutation rate in humans has been calculated to be higher than 100 rem, which is twice the average gonadal dose received by the atomic bomb survivors. Although the children of the survivors exhibited no inherited chromosomal abnormalities, the survivors themselves showed a dose dependent increase in chromosomal abnormalities in somatic cells (i.e., circulating blood lymphocytes), which has also been detected in other populations exposed to ionizing radiation.
Some studies involving women who have had health care X-ray exposures suggest an association between maternal preconception exposure to ionizing radiation and the incidence of Down syndrome, while others do not. Thus, the studies are inconclusive. A similar paternal radiation effect has not been noted. Children whose parents received preconception exposures of greater than 1 rem at Hiroshima and Nagasaki have not exhibited increased incidences of Down syndrome, leukemia, or non-Hodgkin's lymphoma. APRIL 1997, VOL. 45, NO.4 
CLINICAL EVALUATION Acute Radiation Syndrome
Approximately half of those receiving a radiation dose of 500 rem will die within 30 days if untreated. Below 1,000 rem, deaths are attributable to failure of the hematopoietic system. For doses between 1,000 and 10,000 rem, death occurs due to ulceration and bleeding in the gastrointestinal tract. Doses above 10,000 rem immediately affect the cells of the nervous system. Depending on the exposure dose, these subsyndromes (i.e., hematopoietic, gastrointestinal, and neurovascular), which make up the acute radiation syndrome, may be discrete or overlapping (Table 6) .
Acute radiation illness begins with a prodromal period manifesting within hours or a few days. Prodromal symptoms include anorexia, nausea, vomiting, and diarrhea. A latent period of 5 to 7 days then occurs during which the individual appears to have recovered. Within 2 weeks after exposure, the individual will manifest illness that requires aggressive therapy; this critical period may last up to 4 weeks. Generally, the higher the absorbed dose, the shorter the latent period and the more rapid the onset and severity of illness during the critical period. At levels above 100 rem whole body dose, radiation sensitive stem cells in the bone marrow and lymphoid tissues are destroyed or mitotically impaired. The more radio-resistant mature elements normally circulating in the blood cannot be replaced promptly, and fatal hemorrhage can result from platelet loss. Infection from decreased production of granulocytes and other cells can also occur. Recovery has been reported after exposure to 300 to 600 rem when intensive supportive care was provided. Erythrocyte production is also decreased, but in the absence of bleeding, anemia develops only slowly and in modest severity because erythrocytes have a long life span.
Acute radiation doses exceeding 600 rem to the abdomen or whole body usually result in significant damage and reproductive impairment of rapidly proliferating crypt stem cells, thus producing the gastrointestinal tract subsyndrome. The existing mucosa is shed, preventing normal absorption and causing the gut to leak electrolytes and blood. The denuded mucosa becomes a portal of entry for intestinal bacteria; severe diarrhea, shock, and sepsis occur. Although medical therapy may delay death from these causes, the patient usually succumbs.
Acute doses of more than 3,000 rem cause damage to capillaries, resulting in a more immediate neurovascular subsyndrome. Within 1 hour after exposure, neurologic symptoms of confusion, prostration, and loss of balance develop. Diarrhea, respiratory distress, intractable hypotension, and central nervous system (CNS) collapse rapidly ensue. Massive damage to the microcirculation probably is responsible for the cerebral edema that causes brain damage. The initial hypotension may be due to release of histamine by the
Local Radiation Injury
In a radiation accident, high local exposures may complicate whole body exposures. Since 1945, about 300 radiation accidents have occurred in the United States, the majority of which have involved industrial devices containing cobalt-60 or iridium-l92. Injury to the skin depends on the type of radiation, as well as the strength of the source and duration of the contact. For example, beta radiation typically produces a shallow injury, whereas gamma radiation penetrates more deeply. Both cobalt-60 and iridium-192 are gamma emitters and can produce contact doses that result in immediate and severe third degree bums. Third degree contact bums are generally painless, and actual skin damage may be worse than is immediately apparent. Most local injuries involve the hand; other common sites are the thighs and buttocks when radioactive sources are carried in pants' pockets. The acute radiation syndrome may also be present in patients who have severe local contact injury.
The intensity of radiation from a source decreases as the distance from the source increases, in accordance with the "inverse square" rule. For example, a dose of 1,024 rads at 1 meter from a source is reduced to 256 rads at 2 meters and 64 rads at 4 meters. If the immediate signs and symptoms after a local radiation exposure include erythema of skin and severe pain, the local absorbed dose is probably in excess of 1,000 rads. Evidence of transepithelial injury and dry desquamation may follow. At doses above about 2,000 rads, blistering and a wet radiodermatitis may ensue. Later, tissue necrosis due to secondary vascular impairment may occur. These injuries are similar to thermal bums in appearance. In radiation cases, erythema may increase during the first week after exposure and fade during the second week, but may recur. A feeling of tenderness and itching usually persists.
Laboratory Evaluation
External Indicators. Instruments used to measure radiation levels in the environment are generally of two types: area survey meters and personnel dosimeters. If either dosimetry is available, it is important to contact a health physicist for interpretation. These radiation experts are employed at local or state departments of health, universities, and the Radiation Emergency Assistance Center/Training Site (REACrrS) at Oak Ridge Institute for Science and Education.
Internal Indicators.
If whole body radiation has occurred, several hematologic parameters can be used to predict biologic effects, as well as to estimate physical dose. The earliest indicator is a fall in the lymphocyte count, which may reach its nadir within 48 hours (Figure 3) . At doses up to 300 rad, the rate of fall in circulating lymphocytes is related directly to dose. At doses greater than 300 rad, profound lymphocytopenia occurs, and lymphocyte count becomes unreliable for dose estimation. Figure 3 ) are not directly lysed by radiation and provide another indication of dose. At whole body doses of 200 to 500 rads, a brief rise in the peripheral granulocytic count typically occurs in the first few days after exposure. The rise, which is a nonspecific stress response, is followed by a progressive fall, an abortive rise or plateau, and another fall, the true nadir of which is reached within 30 days after exposure. Doses greater than 500 rads cause increasingly earlier and more severe granulocytopenia. The severity of thrombocytopenia (see platelets in Figure 3) is also an indicator of dose.
A useful and sensitive biomarker for dose estimation in acute whole body radiation exposures, as well as to predict the long term health risks in large populations exposed to low levels of radiation, is the chromosome aberration assay. Radiation induces several nonspecific but characteristic chromosomal abnormalities, particularly dicentric chromosomes. By scoring the frequency of these abnormalities in lymphocytes in the peripheral blood or bone marrow and comparing the frequency to aberrations produced by irradiating peripheral blood in vitro, a relatively accurate estimation of radiation dose can be made. Chromosomal aberrations are visible within hours after radiation exposure, and the optimum time to perform the assay is within the first few weeks after exposure. Details of sample preparation and the names of laboratories able to perform cytogenetic assays for radiation exposure can be obtained from REACrrS (telephone: Indicators of internally deposited radionuclides will depend on the biologic fate and the biologic half life of the radioactive substance. If the metabolic pathway and biologic and physical half lives are known, an estimate of dose to the target organ can be made by bioassay. Methods for measuring the amount of radioactivity in the body include urinalysis, fecal analysis, whole body scans, and thyroid scans for exposure to radioactive iodine.
Cytogenetic assays may also be used to detect damage from internally deposited radionuclides. However, these data are not useful in estimating dose to the target organ because internal radionuclides are seldom distributed uniformly within the body. This uneven distribution can affect the radiation received by the circulating lymphocytes and even their survival.
TREATMENT AND MANAGEMENT Early Considerations-Decontamination
If radioactive materials are present in a workplace, it is important to have decontamination materials available and a written plan for their utilization. Radiation detection equipment is used to identify a worker contaminated with radioactive liquids or solids (e.g., dusts), as well as the body area that is contaminated.
The first step in decontamination is removal of contaminated clothing, then careful washing of the areas around eyes, nose, and mouth with a washcloth. Showering should be avoided when external contamination is localized because showering can spread radionuclides to clean areas. APRIL 1997, VOL. 45, NO.4 Mild soap and water are frequently all that is needed to emulsify and remove contamination. Gentle brushing or use of a mildly abrasive soap will help dislodge contamination physically held by skin protein. Harsh abrasives should be used cautiously because they may open a path through the keratinized layer of the skin and allow internal contamination. Addition of a chelating agent to the wash water may help by binding the radionuclide in a complex. Contaminated wash water must be collected and disposed of properly. Instructions for disposal can be obtained from REACrrS (see contact information above).
Radiation monitoring of the cleaned, dried skin should be done between washings. If repeated washings do not totally remove contamination, the material is probably fixed in skin, which will normally be shed. A frequently changed bandage over the area will prevent spread of contamination via the sloughed skin. In stubborn cases where contamination is localized in the thick horny layers, such as palms and soles of feet, sticky tape or a high speed abrasive wheel can be used. However, if these techniques are not used properly, they can lead to skin cuts or increased percutaneous absorption. It may be necessary to remove contaminated hair by using clippers or an electric razor. All potentially contaminated material, including hair, debrided tissue, and, if internal contamination has occurred, vomitus and excretion products, must be collected in plastic bags for proper disposal.
If the contaminated worker is physically traumatized, the emergency department plan for management of radiation accident casualties should be executed. Lifesaving health care takes precedence over decontamination procedures. After emergency care has been administered, gross decontamination should be conducted on site. Further decontamination can occur at the health care facility. The client should be wrapped in blankets to prevent the spread of contamination during transport. If the medical facility is not prepared for radiation decontamination and does not have an appropriate decontamination room, the client should be decontaminated outside or away from areas where normal activities occur. Care must be taken to prevent the spread of radioactivity within the facility.
The general public perceives the risk of death or injury from radiation as greater than do scientists. Dealing with the fear and mental stress caused by an accident is a significant part of emergency management. Techniques for combatting this anxiety include educating the public before an emergency occurs, efficiently disseminating factual information using a single, credible source during the emergency, and presenting evidence that a plan to manage the emergency is in place and working.
Acute Radiation Syndrome
Clients who have received acute total body radiation of 500 rads or more will develop severe pancytopenia and will require aggressive supportive measures. Individuals developing aplastic anemia are at risk for systemic bacterial, fungal, and viral infections; infections and bleeding are the major causes of morbidity and mortality. Clini- cians are encouraged to consult a hematologist, radiation oncologist, health physicist, or other radiation specialist knowledgeable about acute radiation illness and its treatment. A general treatment scheme for acute radiation injury is presented in Figure 4 .
Local Radiation Injury
Radiation exposures that produce only erythema (300 to 1,000 rad) can be treated as first degree bums. Bums that result in desquamation (1,000 to 2,000 rad) are transepidermal and are similar to second degree bums.
Large surface area bums may require systemic hydration. Skin grafting may be useful, but success depends on the depth of radiation penetration and the vascular status of the underlying tissues. Third degree bums are produced by doses greater than 3,000 rad. Third degree bums heal by scarring. As a result, contraction and loss of function may occur, particularly if extremities are involved. Extensive plastic surgery may be required to prevent or limit loss of function. Amputation may be necessary.
Internal Contamination
Two strategies exist for treatment of a client who is internally contaminated (i.e., cases where radioactive material is incorporated in the body via inhalation, ingestion, or through skin or wounds). The first strategy depends on reducing both the internal absorption and deposition of radioactive material ("blocking"); the second strategy depends on enhancing the elimination and excretion of the radioactive material ("decorporation").
In radiation accidents, the identity of the radionuelide contaminant and its chemical and physical state must ultimately be determined. Radionuclides present at a workplace are usually known, and shipping documents and load manifests detail the hazardous contaminants at transportation accidents. Sometimes it will not be clear whether internal contamination has occurred. Samples collected during external decontamination provide clues about possible internal contamination. Skin wipes, nasal swabs, urine, and feces should be collected for analysis at a laboratory capable of detecting and identifying radionuclides. Local and whole body counting can be done at specialized facilities. As mentioned above, gentle mechanical cleansing of wounds and skin and the areas around mouth and nose will prevent further ingestion and absorption of radioactive materials.
Chelation with diethylenetriaminepentaacetic acid (DTPA) accelerates the urinary excretion of some transuranic metals (e.g., plutonium, californium, americium, and curium) and some rare earth ions (e.g., cerium, yttrium, lanthanum, promethium, and scandium). DTPA is an investigational drug available from REACrrS. DTPA can be administered intravenously or as an inhaled aerosol according to treatment protocols established by investigators at REACrrS. In rare cases of massive pulmonary deposition of very hazardous aerosolized radionuclides, lung lavage may be of value.
STANDARDS AND REGULATIONS
During the period from 1900 to 1930, standards for radiation protection were informal and set quite high (approximately 60 R/year). They reflected concern for acute effects of exposure. When concerns over the long term effects of radiation exposure began to develop (1930 to 1950) , protection standards were formalized. The recommendation in 1934 of the U.S. Advisory Committee on X-Ray and Radium Protection (now the National Council on Radiation Protection and Measurements [NCRPD was to restrict whole body exposures to less than 0.1 R/day. From 1950 to 1960, attention centered on genetic effects of radiation exposure, and recommenda- APRIL 1997, VOL. 45, NO.4 tions were proposed to limit exposure to the equivalent of 5 rem/year, which applied to both the general public and workers. Because any amount of radiation exposure poses some risk, all standards now employ a philosophy that radiation exposures should be limited to levels that are as low as reasonably achievable (ALARA) and consistent with the benefits of radiation to society.
Regulatory agencies in the United States involved in radiation control include the Nuclear Regulatory Commission, Department of Transportation, Food and Drug Administration, Occupational Safety and Health Administration, and the General Accounting Office. The Environmental Protection Agency has also established a standard for drinking water of 5 pCi/L, which applies to radioactivity from radium-226 and radium-228 combined. A new drinking water standard of 20 pCilL each for radium-226 and radium-228 has been proposed.
Many states and cities also have regulations concerning the use of and protection from radiation. NCRP, established in 1964 to advise Congress on issues related to radiation, and the International Commission on Radiological Protection (ICRP) recommend the standards in Table 7 .
This article was developed by ATSDR of the U.S. Department of Health & Human Services. Guest Technical Editor: Niel Wald, MD. Peer reviewers: John Ambre, MD, PhD; Charles Becker, MD; Jonathan Borak, MD; Joseph Cannella, MD; Alan Ducatman, MD; Alan Hall, MD; Richard J. Jackson, MD, MPH, Howard Kipen, MD, MPH; Harrison McCandless, MD; Jonathan Rodnick, MD; Jerry C. Rosen, MS, CHP; Gregg Wilkinson, PhD. This article was provided through the assistance ofTeresa Ramsey, MA, Division of Health Education, ATSDR.
SUGGESTED READING
Acute High Level Exposure -. 
ICRP (1991)t
Based on stochastic effects+ 5 rem (50 mSv) annual effective (e.g., cancer and genetic damage) limit and 1 rem (10 mSv) times age in as 5-year cumulative effective dose limit NCRP (1993) § 5 rem (50 mSv) annual effective dose dose limit and 10 rem (100 mSv) years cumulative effective dose limit Based on nonstochastic effects § (e.g., lens cataracts and fertility impairment)
Dose Limits for the Public"
15 rem (150 mSv) equivalent dose limit to lens of eye and 50 rem (500 mSv) annual equivalent dose limit to skin, hands, and feet 15 rem (150 mSv) annual equivalent dose limit to lens of eye and 50 rem (500 mSv) annual equivalent dose limit to skin, hands, and feet
ICRP (1991)
Based on stochastic effects 0.1 rem (1 mSv) annual effective dose limit, and, if needed, higher values provided that the annual average over 5 years does not exceed 0.1 rem Based on nonstochastic effects 1.5 rem (15 mSv) annual equivalent to lens of eye and 5 rem (50 mSv) annual equivalent dose limit to skin, hands, and feet Embryo-fetus 0.2 rem (2 mSv) equivalent dose to the woman's abdomen once pregnancy has been declared -------------
NCRP(1993)
0.1 rem (1 mSv) annual effective dose limit for continuous exposure and 0.5 rem (5 mSv) annual dose limit for infrequent exposure 5 rem (50 mSv) annual equivalent dose limit to lens of eye, skin, and extremities 0.05 rem (0.5 mSv) equivalent dose limit in a month once pregnancy is known *The dose limits for both workers and the public exclude health care and natural background exposures. Note that the dose limits for the public are lower, in general, than those for workers. Workers, by virtue of the ability to work. tend to be a healthier population than the public, which includes susceptible populations, the elderly, and children.
tIntemational Commission on Radiological Protection. (/99/) . 1990 Recommendations of the International Commission on Radiological Protection, ICRP Publication 60, Annals of the ICRP 21.
:f:NationalCouncil on Radiation Protection and Measurements (NCRP). (1993) . Limitation of exposure to ionizing radiation. Bethesda, MD: NCR? NCRP Report No. 116 . §Stochastic effects are those effects for which the probability of occurrence, rather than the magnitude of the effect, is proportional to dose. Not all irradiated persons show such effects. However, the probability that they will can be described by a dose-response curve that extends to zero with no threshold. Nonstochastic effects are proportional in severity to the magnitude of the absorbed dose. They probably have a threshold below which no effect will be observed because simultaneous injury to many cells is required.
1.
2.
3. AAOHN Journal 1997; 45(4) , 170-183. Everyone is exposed to ionizing radiation. Approximately 82% of this exposure is natural background from cosmic and terrestrial sources, and 18% is due to man made sources.
Public exposure to ionizing radiation or contamination of the environment by radioactivity engenders intense fear. The emotional and psychologic stresses resulting from exposure should be recognized and addressed early in a radiation incident.
Health care providers should understand the physics, chemistry, and biology of radiation to communicate effectively about it.
